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Abstract: Ecological degradation of the benthic littoral zone is an 
emerging, urgent problem at Lake Baikal (East Siberia), the most species-
rich lake on Earth. Within the last five years, multiple changes have 
occurred in the nearshore benthos where most of the lake's endemic 
species reside. These changes include proliferation of benthic algae, 
deaths of snails and endemic sponges, large coastal wash-ups of dead 
benthic algae and macrophytes, blooms of toxin-producing benthic 
cyanobacteria, and inputs of industrial contaminants into parts of the 
lake.  Some changes, such as massive coastal accumulations of benthic 
algae, are currently shared with the Laurentian Great Lakes (LGLs); 
however, the drivers of these changes differ between Lake Baikal and the 
LGLs. Coastal eutrophication from inputs of untreated sewage is causing 
problems at multiple sites in Lake Baikal, whereas in the LGLs, invasive 
dreissenid mussels redirect pelagic nutrients to the littoral substrate. 
At other locations in Lake Baikal, ecological degradation may have 
different causes including water level fluctuations and the input of 
toxic industrial contaminants. Importantly, the recent deterioration of 
the benthic littoral zone in both Lake Baikal and the LGLs has occurred 
while little change has occurred offshore. This highlights the necessity 
of monitoring both the littoral and pelagic zones of large lakes for 




LETTERS TO THE EDITOR  1 
 2 
RAPID ECOLOGICAL CHANGE IN THE COASTAL ZONE OF LAKE BAIKAL (EAST 3 
SIBERIA): IS THE SITE OF THE WORLD’S GREATEST FRESHWATER 4 
BIODIVERSITY IN DANGER?  5 
The current ecological situation in the coastal zone of one of the greatest lakes of our planet — 6 
Lake Baikal (East Siberia, Russia) — has prompted us to write this commentary. We wish to inform 7 
the world’s limnological community about the negative ecological processes which are increasing 8 
in Lake Baikal year by year. This glorious lake harbors an enormous quantity of pure drinking 9 
water and an unusual diversity of endemic life forms (Vereschagin, 1940; Kozhov, 1963, 10 
Timoshkin, 2001). Specifically, Baikal contains one fifth of the total amount of unfrozen 11 
freshwaters of the globe. Fifteen years from now, according to projections of the United Nations, 12 
the human population will need 40% more drinking water than natural resources can provide (The 13 
UN World Water Development Report, 2015). This makes the lake strategically important both 14 
regionally and for all of humanity. But perhaps more important globally is that Lake Baikal is first 15 
among lakes in terms of its exceptional taxonomic diversity: more than 2,660 animal and more than 16 
1,000 plant species and subspecies have been described, with ca. 60% of the animal species being 17 
endemic (Timoshkin, 2011). Therefore, the lake is an ideal natural laboratory for investigating 18 
questions regarding evolution and processes of endemic speciation.  19 
Most of the biodiversity of ancient lakes is concentrated in their coastal zones (Kostoski et 20 
al., 2010; Vadeboncoeur et al., 2011; von Rintelen et al., 2012) as evidenced by Lake Baikal where 21 
greatest species diversity occurs on the substrate in shallow waters ranging in depth from 1 to 50 m 22 
(Timoshkin, 2001; Timoshkin et al., 2004; Semernoy, 2007). This habitat is currently experiencing 23 
rapid changes and modifications throughout the entire lake with some key changes similar to those 24 
occurring in the Laurentian Great Lakes. How will these negative processes in Lake Baikal, 25 
including the mass expansion and proliferation of the benthic filamentous alga of the Spirogyra 26 
*Manuscript
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 2 
genus, affect the primary and secondary consumers as well as the lake’s water quality? 27 
Investigations are just beginning with questions being more numerous than answers. Scientists have 28 
not reached a consensus regarding the spatial scale, origin (natural versus anthropogenic) or causes 29 
of the on-going processes. Interviews with scientists and papers in the popular press often contradict 30 
each other. To date, the international scientific society has very limited information.  31 
Furthermore, The Ministry of Natural Resources and Ecology of the Russian Federation, 32 
responsible for the monitoring of Lake Baikal, in its annual State report titled "On the state of Lake 33 
Baikal and measures for its protection" (MNRERF, 2014) states in the conclusion that "The state of 34 
the Lake Baikal ecosystem in 2013 did not undergo any significant changes ..." (p. 362). This 35 
conclusion, based only on offshore sampling, is false. Interestingly, governmental monitoring in 36 
other countries also focuses on the offshore pelagic zone while mostly ignoring the nearshore zone.  37 
For example, a deficit of coastal monitoring in the Laurentian Great Lakes caused the USA and 38 
Canada, in their latest revision of the Great Lakes Water Quality Agreement (2012), to call for a 39 
“Nearshore Framework” that includes enhanced study and monitoring of coastal environments 40 
throughout the Great Lakes.  As for Lake Baikal, scientists proposed a monitoring scheme for the 41 
coastal zone, based on the landscape-ecological approach (Timoshkin et al., 2005; 2009), and this 42 
proposal was supported by the world limnological community at the 2004 SIL meeting (Lahti, 43 
Finland). The lake’s coastal zone was monitored from 2000 to 2003, but financial difficulties 44 
prevented extensive monitoring in subsequent years until 2010. Nevertheless, the coastal zone 45 
(including the splash zone) is still not included in the official monitoring scheme of Lake Baikal 46 
even in 2016.  47 
As a result, citizens and non-governmental ecological organizations do not have a clear 48 
understanding of what is happening in the lake’s coastal zone or what they need to protect 49 
themselves and the lake from these negative events. Therefore, it is critically important to inform 50 
everyone about the real situation and the presumed causes of the crisis. To this end, the goal of this 51 
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contribution is to use results from recent systematic sampling to describe the current ecological 52 
situation in the coastal zone of the lake.  53 
Significant changes in the structure and quantitative characteristics of the shallow water 54 
benthic communities were detected lake-wide during interdisciplinary studies of Lake Baikal’s 55 
coastal zone (including the splash zone) (Timoshkin et al., 2014; most References, public lectures 56 
and interviews of the first author on the crisis can be downloaded from www.lin.irk.ru and 57 
http://www.lin.irk.ru/hydrobiology/my-v-smi). From 2007–2012, sampling was performed 58 
sporadically, and it was restricted to two areas of the south basin (i.e., Bol’shie Koty and 59 
Listvennichnyi Bays only) due to a lack of financial support for more widespread lake sampling. 60 
Results of this sampling were published in 13 papers (for review, see: Timoshkin et al., 2012a–c). 61 
Taxonomic composition and quantitative characteristics of macrophyto-
1
, macrozoobenthos, and 62 
plankton communities, as well as hydrochemical, hydrological and microbiological parameters of 63 
the interstitial, near-bottom and surface waters in the shallow water zone were reported (Kulikova et 64 
al., 2012; Popova et al., 2012; Potapskaya et al., 2012; Rozhkova et al., 2012; Timoshkin et al., 65 
2012b; Tomberg et al., 2012; Vishnyakov et al., 2012; Volkova et al., 2012; Zvereva et al., 2012; 66 
Sheveleva et al., 2013; Bondarenko et al., 2015). In addition, since 2013, several spring-summer 67 
and autumn sampling expeditions occurred annually throughout the entire lake.  68 
When did environmental decline begin or when was it expressed most markedly? Due to a 69 
lack of lake-wide sampling surveys of the shallow water communities before 2010, only an 70 
approximate answer can be provided. Most likely, visible change in the benthic community began 71 
2010–2011 with the most significant changes being detected in the macrophytobenthos 72 
communities (Kravtsova et al., 2012, 2014; Timoshkin et al., 2014, 2015). Conclusions about 73 
changes to the macrozoobenthic communities (except for the sponges, see below) can be made only 74 
                                                          
1
 Macroalgae monitoring was performed using: 1) “short” transects (0–1.5 m water depth; % cover and biomass by 
“stone-unit” (Nakashizuka and Stork, 2002) and quadrat (SA = 0.1 and 0.25 m2) methods; underwater photo- and 
videorecording); 2) scuba diving (1.5 to 7–10 m depth); 3) dredging (20–25 m depth). Most samples from 2014–2015 
are still being examined. Descriptions of seasonal and inter-annual dynamics will be presented in subsequent 
contributions.  
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after on-going quantitative analyses are completed. A chronology and brief description of the 75 
unusual and/or negative ecological processes occurring between the years 2010–2015 are given 76 
below and give rise to our concern that the coastal environment is under increasing stress.  77 
1. Changes in zonation and species composition of benthic macroalgae. Significant, large-78 
scale modifications of the benthic macroalgal community were observed by two independent groups 79 
of experts (ob. cit.) in 2010–2011 in two local bays (Bol’shie Koty and Listvennichnyi) in the south 80 
basin. Specifically, filamentous green algae (Spirogyra spp. and Stigeoclonium tenue) at these two 81 
sites were growing prolifically in places and depths that are atypical for Lake Baikal. From late July 82 
through November, Spirogyra grew extensively at depths ranging from 0.5–10 m and an abundant 83 
late autumn bloom of Stigeoclonium tenue occurred in the shoreline zone (first algal zone; see Table 84 
1 for normal zonation patterns), which is normally occupied by the green filamentous algae, 85 
Ulothrix zonata.    86 
 In 2013–2014, a mass bloom of Spirogyra was detected in autumn in the shallow water zone 87 
throughout much of the lake
2
 (see caption to Figure 1 for the five criteria used to describe 88 
abundance patterns; Figs 2, 3). Also in 2014, the mass development of Spirogyra was noted on 89 
Ol’khon Island at two localities (i.e., the ferry harbor in Perevoznaya Bay and Shamanka Bay near 90 
Khuzhir Settlement on Ol’khon Island). By 2015, mass growth of Spirogyra was reported at several 91 
new localities along the west coast of South Baikal (Emelyanikha Bay, Sennaya Bay and a coast 92 
opposite Polovinnyi Cape) as well as Maloe More Strait (i.e., coastal zone off Sakhyurte Settlement 93 
and Kargante Bay). In summary, Spirogyra spp. developed massively and even dominated the 94 
benthic macroalgal community along much of the eastern coast, and in many places along the 95 
western coast of Lake Baikal in autumn. Surprisingly, the maximum development of Spirogyra — a 96 
comparatively thermophilic algae (optimal temperature for growth is ca. 20
0
C), was detected during 97 
                                                          
2 It is easier to indicate areas where the alga was not found: Bol’shoi Ushkani Island, most of the coastline of Ol’khon 
Island (except for Perevoznaya Bay and a site near Khuzhir Settlement), and the northwestern coast stretching from 
Elokhin Cape to Maloe More Strait (Fig. 1). Interestingly, nearshore pelagic waters of this part of the northwest coast 
also exhibited the lowest chlorophyll concentrations of any area in the lake during summer (Izmest'eva et al., 2016), 
suggesting minimal anthropogenic influence.  
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autumn (September–October) when water temperatures were 4–8 0C. Two of the sites (i.e., 98 
Listvennichnyi Bay in south basin and Tyya–Senogda coast in north basin) investigated to date 99 
were characterized by year-round mass blooms of Spirogyra spp. which sometimes included other 100 
filamentous algal species that are nontypical for Lake Baikal (ESM video 1). Dredge sampling, 101 
performed in the north basin (i.e., Boguchanskaya Bay and opposite the Tyya River mouth) in 102 
autumn 2013 showed Spirogyra spp. penetrating into the lake to a depth of 10–20 m. Algal wet 103 
biomass in 2013–2014 ranged from 100–1,500 g m-2, which is similar or greater than that reported 104 
for native Baikalian algae inhabiting the first and second algal zones of Lake Baikal (Table 1, sensu 105 
Meyer, 1930). Also, a mass bloom event of Stigeoclonium on the rocks at the shoreline was seen 106 
each autumn in 2013–2015 in many areas of all three basins. Before these mass bloom events began 107 
occurring, Stigeoclonium was present in minor amounts during August–September at depths of 1–108 
2.5 m and in some tributaries of South Baikal (Izhboldina, 2007). 109 
2. Biomass increase of benthic macroalgae. In 2015, biomass of typical benthic Baikalian 110 
macroalgae increased significantly in some areas of the shallow water zone of Lake Baikal. For 111 
example, algal wet biomass within the first zone is normally dominated by the typical shoreline 112 
species, Ulothrix zonata. However, at some sites in Northern Baikal (north of Elokhin Cape), its 113 
biomass ranged from 3–5 kg m-2, and this is 6 to 10 times greater than values recorded formerly 114 
(Izhboldina, 1990: maximum in June ― 0.5 kg m-2).  115 
3. Mass development of benthic cyanobacteria. In several areas of the lake, cyanobacteria 116 
developed massively with some species growing prolifically on dying macroalgae 117 
(Draparnaldioides spp.) and sponges. Significant amounts of filaments of benthic Oscillatoriales 118 
and Nostocales were discovered by the first author in benthic dredge samples collected at depths of 119 
10–15 m south of Peschanaya Bay (South Baikal) in the summers of 2013 and 2014. Mass blooms 120 
of benthic Phormidium, Oscillatoria, Tolypothrix species and others also occurred in the shallows 121 
of Bol’shie Koty and Barguzin Bays, etc. Earlier (2010–2012), similar Oscillatoriales and 122 
Nostocales were found on dying macroalgae of the endemic Draparnaldioides (Chlorophyta), near 123 
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the end of their vegetative season (Timoshkin et al., 2012a: p. 47–48). During the last 2 to 3 years, 124 
similar Cyanobacteria (predominantly belonging to Phormidium genus) developed massively on the 125 
dying Lubomirskiidae sponges. Therefore we began calling them “epizoic” cyanobacteria. 126 
According to our original data, collected in October 2014, at Bol’shie Koty Bay (5 m depth, syringe 127 
sampling), concentrations of orthophosphate in the water surrounding the dying sponge branches 128 
ranged from 0.213–0.97 mg l-1, whereas in the near bottom water layer concentrations ranged from 129 
0.038–0.045 mg l-1. We hypothesize that the cyanobacteria preferentially colonize these dying 130 
organisms, because they are releasing nutrients. An additional change was detected in September 131 
2015, when Tolypothrix, Oscillatoria species and other cyanobacteria developed abundantly on 132 
rocks within and near the shoreline, sometimes abundantly penetrating the most upper Ulothrix 133 
zonata zone and displacing this native filamentous green alga (Fig. 4A–F). Wet biomass of benthic 134 
cyanobacteria was very high, measuring up to 195.1 g m
-2
. In years prior to these many ecological 135 
changes, Tolypothrix spp. were reported from the second and third algal zones only where their 136 
maximum total biomass was 87 g m
-2
 (Izhboldina, 2007). Such abundant blooming of 137 
Oscillatoriales and Nostocales within the first algal zone has never been detected before.  138 
To check for the presence of neurotoxic cyanotoxins (i.e. — saxitoxin, STX and its 139 
analogues, termed paralytic shellfish toxins, PST), we analysed 12 benthic cyanobacterial samples 140 
collected in May, July, and September 2015, from the coastal zone of Bol’shie Koty Bay (Fig. 1: 141 
site 7) using an Abraxis Saxitoxin (PSTs) ELISA kit (Abraxis LLC, USA). Earlier, we had applied 142 
this method successfully to detect saxitoxin from planktonic cyanobacteria in Lake Baikal (Belykh 143 
et al., 2015a, b). The presence of STX and its analogues in the benthic cyanobacteria samples were 144 
also confirmed using another detection method, matrix-assisted laser desorption/ionization time-of-145 
flight mass spectrometry (MALDI-TOF-MS), as described in Belykh et al. (2015b). The following 146 
PST toxins were identified in the benthic cyanobacteria using the MALDI-TOF-MS method: 147 
saxitoxin (STX), neosaxitoxin (neoSTX) and gonyatoxin (GTX5), containing carbamoyl groups, 148 
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decarbamoyl derivates of the saxitoxin (dcSTX), neosaxitoxin (dcNeoSTX) and gonyatoxin 149 
(dcGTX2/3, dcGTX1/4), and two compounds known as Lyngbia wollei toxins (LWTXs).  150 
STX concentrations ranged from 0.2 to 141.5 μg g-1 dry weight in all 12 benthic cyanobacterial 151 
samples from Lake Baikal as measured with the ELISA kit. Maximum toxin concentrations 152 
occurred in cyanobacteria collected from near shore rocks (Fig. 4B–F). Mean STX concentrations 153 
in benthic Lake Baikal cyanobacteria were similar to those reported for benthic cyanobacteria in 154 
New Zealand lakes (Smith et al., 2011, 2012), 10 to 6,000 times higher than those reported in an 155 
Arctic water body (Kleinteich et al., 2013) but much lower than those reported for pure cultures of 156 
benthic cyanobacteria isolated from New Zealand lakes (Scytonema cf. crispum, Smith et al., 2012) 157 
and a North American reservoir (Lyngbya wollei, Yin et al., 1997). At Lake Baikal, human exposure 158 
to intra-cellular saxitoxin in benthic cyanobacteria should be unlikely unless the toxin remains 159 
intact upon release into the water following cell death and lysis. The effects of ingestion of 160 
saxitoxin-containing cyanobacteria by freshwater benthic invertebrates, wildlife, dogs, or farm 161 
animals feeding or drinking at the lake’s shoreline are unknown, but they are potentially severe, 162 
because STX is a potent neurotoxin.  163 
4. Large coastal accumulations of benthic algae and macrophytes. Extraordinary coastal 164 
accumulations of rotting Spirogyra, Cyanobacteria, Cladophora glomerata, Elodea, and other 165 
aquatic plants, in which wet biomass sometimes exceeded 90 kg m
-2
, were detected in 2013–2014 166 
for the first time. These accumulations were located in the splash zone of the north basin (i.e., 167 
Tyya–Senogda beach) (ESM video 1), Chivyrkui (Monakhovo Settlement) and Barguzin 168 
(Maximikha Bay, sport camp “Rovesnik”) Bays, Maloe More (Sakhyurte Settlement and Shide 169 
Bay) and the south basin (i.e., Kultuk coast) (Figs 1, 5AB). Abundant coastal accumulations, 170 
mostly consisting of benthic cyanobacteria (Tolypothrix spp., etc.) were detected in Barguzin Bay 171 
(near Gorevoi Utyos Cape, Fig. 1: site 30) for the first time. The total wet weight of these coastal 172 
accumulations of cyanobacteria, occupying about 120 m
2
, exceeded 1.2 tons. Light microscopy 173 
revealed that Tolypothrix spp., similar to that from Bol’shie Koty Bay (Fig. 4E–F), dominated the 174 
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biomass of these accumulations. Massive algal accumulations on the coasts are now occurring in 175 
the late summer or autumn seasons. However, one of these accumulations (consisting of typical 176 
macroalgae for this area) occurred unusually early ― in June 2015 near Maloe More Strait 177 
(opposite Sakhyurte Settlement, Fig. 1: site 13), also for the first time. Evidently, the seasonal 178 
maxima of local algae development are now occurring earlier than before.  179 
5. Mass mortality of snails. Billions of dead mollusks (mostly ― representatives of the 180 
Lymnaeidae family) and their empty shells were found on the sandy beaches in the north basin 181 
between Tyya and Senogda in 2013–2014 (Fig. 6AB). These “cemeteries” were located near the 182 
site influenced by sewage from Severobaikal’sk City and where prolific mats of Spirogyra were 183 
located. In June, 2015, less abundant accumulations of lymnaeid shells were found along the splash 184 
zone in Barguzin Bay off Maximikha Settlement.  185 
6. Sickness and mass mortality of endemic Lubomirskiidae sponges. Several kinds of 186 
diseases of Baikalian sponges are occurring lake-wide, and they were first described in 2013–2014 187 
(Bormotov, 2011; Timoshkin et al., 2014). All 3 growth forms of the sponges (branched, 188 
encrusting, globular) can be affected (Figs 7A–B, 8A–C; ESM video 2) according to observations 189 
made during more than 50 dives in 2014 and 40 in 2015. Depending on the local site, 30 to 100% of 190 
branched Lubomirskia baicalensis specimens were diseased, damaged, or dead. According to Dr. 191 
Ch. Boedecker’s (Victoria University, Wellington, New Zealand) personal communication, this 192 
situation was confined to a depth of 15–20 m in most of the studied areas within the south basin 193 
(September 2014). The deeper living specimens of the branched sponges looked healthy. In June, 194 
2015, however, branched sponges living at deeper depths appeared to be sick. Dr. A.B. Kupchinsky, 195 
who dove on October 28–29, 2014 opposite Chernaya River (south of Bol’shie Koty Bay, ca. 350 m 196 
from shore; Fig. 1: site 7), noted that 95% of the Lubomirskia baicalensis specimens were damaged 197 
or diseased at a depth of 5 m, while ca. 80% of the animals observed at depths of 6–14 m looked 198 
healthy.  199 
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As described earlier, the deterioration of the sponges is accompanied by mass development 200 
of epizoic Phormidium sp. (Fig. 8C; ESM video 3) (Timoshkin et al., 2014). The mobile filaments 201 
are comparatively large (3.8–7.5 μm in diameter), cherry-red, and exhibit slightly curved distal 202 
ends. Light-microscopic analysis shows that each infection patch on the particular sponge surface 203 
consists of 1–3 cyanobacteria species which dominate numerically by 90–95%. In most cases (50–204 
80%), deformation and damage of the external surface of the sponge (in particular, oscula) happens 205 
before colonization and mass development of the cyanobacteria. According to preliminary data, the 206 
branched sponges dwelling in the south basin (Listvennichnyi and Bol’shie Koty Bays, off 207 
Chernaya River mouth) are most affected by the illness. For example, 100% of Lubomirskia 208 
baicalensis specimens, dwelling off Chernaya River mouth along our standard bottom transect (1 m 209 
x 10 m; at 3–12 m depths; June 2015; ESM video 2) were damaged, sick, or dead. Much less 210 
damaged or even healthy L. baicalensis specimens were found along the north-western coast 211 
(approximately located between Elokhin Cape and Bol’shie Ol’khonskie Vorota Gate). 212 
Remarkably, this particular coastal area was free of mass Spirogyra blooms in 2014–2015 and 213 
interestingly, the water column of this region of the lake exhibited the lowest summer 214 
phytoplankton concentrations of any place in the lake according to long-term data analyses of 215 
Izmest’eva et al. (2016).  216 
7. The presence of fecal indicator bacteria in the coastal zone. High concentrations of fecal 217 
indicator bacteria, exceeding government standards in the USA, Russia and Europe
3
 (EPA, 1986; 218 
SRSR, 2000; Official Journal of the European Union, 2006), were detected at the end of the tourism 219 
season (September, 2014) in many localities, in surface and near-bottom water layers of the coastal 220 
zone as well as interstitial waters, especially under coastal algal mats in the splash zone near three 221 
settlements. Typical example of fecal indicator bacteria contamination is given in Fig. 9. For 222 
instance, water samples, collected near the Khuzhir Settlement exceeded USA government 223 
                                                          
3
 No official regulations occur in the above cited documents for the interstitial waters of the beaches 
and the splash zone.  
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standards by 3.3 fold (E. coli) and 10.7 fold (enterococci), EU standards by 3.1 (E. coli) and 6.5 224 
fold (enterococci), and Russian Federation standards by 6 fold (TCB only; enterococci are not 225 
regulated). Importantly, the three coastal settlements where the high concentrations of fecal 226 
indicator bacteria were found (Fig. 1: sites 4 (Listvyanka Settlement), 16 (Khuzhir Settlement) and 227 
25 (Khakusy Bay, 10 km south of Ayaya Bay)) are each located in a different basin of the lake, and 228 
they have comparatively small permanent populaces. However, they are among the most popular 229 
sightseeing and recreational destinations at Lake Baikal. Furthermore, private houses and hotels in 230 
Listvyanka Settlement (ca. 2,000 permanent residents; ca. 300,000 visitors in 2014) are not 231 
equipped with wastewater purification systems. This is also true for Khuzhir Settlement (1,350 232 
permanent residents; 500,000 visitors in 2014), the “capital” of the largest Baikal island (Ol’khon) 233 
which is a tourist mecca, and Khakusy Bay (ca. 20 permanent residents; > 1,000 visitors in 2014), a 234 
recreational center with hot springs used by residents of cities and settlements in Northern Baikal. 235 
These results suggest that intensification of tourism and recreational activities, coupled with 236 
inadequate wastewater treatment, are the main causes of fecal bacterial contamination of Lake 237 
Baikal’s coastal zone.  238 
8. Organochlorine contamination of the coastal zone. The presence of organochlorine 239 
contaminants in the water and within organisms was established using high resolution chromato-240 
mass-spectrometry with isotopic dilution (DFS HR, Agilent 7200 Q-TOF) based on methods 1668 241 
and 1699 of the US Environmental Protection Agency (EPA, 2003). Preliminary analyses suggest 242 
the following:  243 
Shallow water macroalgae have bioaccumulated lipophilic organochlorine substances, a 244 
process also reported in marine ecosystems (Malmvärn et al., 2008; Lupsor et al., 2009). 245 
Concentrations of some organochlorine pesticides (e.g., DDE, nonachlores, toxaphene) in the dried 246 
mass of filamentous green Ulothrix and Spirogyra algae were 1,000–5,000 times higher than in the 247 
water. Total concentrations of polybrominated diphenyl ethers (PBDEs) in native Ulothrix 248 
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filaments, collected in all three basins of the lake (n=4), ranged from 0.13–4.4 ng g-1 of dry 249 
weight, while concentrations in Spirogyra filaments did not exceed 0.03 ng g
-1
 (n=3).  250 
Endemic Baikalian sponges (Lubomirskia spp.) also bioaccumulated organochlorine 251 
pesticides. If we exclude from analysis sponge specimens with extraordinarily high concentrations 252 
of organochlorine pesticides and polychlorinated biphenyls (PCB’s), the general pattern of 253 
contaminant bioaccumulation is compatible with that exhibited by the Baikalian macroalgae. 254 
Average concentrations of these organochlorine compounds in the sponges were approximately 9 255 
ng g
-1
 (n=10). Several specimens demonstrated rather high total concentrations of PCB’s, ranging 256 
from 250 to 1,000 ng g
-1
 of sponge dry weight. Therefore, the influence of organochlorine 257 
pesticides should be considered as one of the working hypotheses for explaining their mass 258 
mortality.  259 
The concentration and chemical composition of organochlorine contaminants in the sewage 260 
of Severobaikal’sk City and the interstitial water of the neighbouring splash zone southwest of the 261 
city (i.e., area with the most intense Spirogyra bloom (Fig. 1: sites 21–23) and mass snail 262 
mortalities (Fig. 6)) differed significantly from that found in other basins of the lake.  First, total 263 
PCB concentrations in the sewage (i.e., 28,000 pg l
-1
) were one order of magnitude higher than that 264 
in the lacustrine surface waters. Second, pentachlorinated PCBs (such as PCB99, PCB101, 265 
PCB105, PCB118) are the typical isomers present in the water of all three basins of Lake Baikal 266 
presumably due to global aerosol transmission from remote sources, because they have never been 267 
used or synthesized either in the USSR or Russia. However, concentrations of 3- and 4-chlorinated 268 
PCBs, with remarkably high concentrations of 6-chlorinated PCBs, that are typical for those in 269 
technical liquids (e.g., transformer oils, condenser liquids, etc.), occurred in the sewage and 270 
interstitial waters of Severobaikal’sk City. This is evidence of a local source of PCB’s. Evidently, it 271 
is related to the washing of train cars at depots of the Russian Railways company, which discharge 272 
their industrial effluents into the municipal wastewater treatment system of this city. This system 273 
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was constructed for treating residential wastes only, and it is unable to treat industrial effluents 274 
properly.  275 
Fortunately, present concentrations of organochlorine contaminants in the water column of 276 
the pelagic zone of Lake Baikal are below international regulatory standards. However, this masks 277 
an important problem. Biologists experimentally testing the toxicity of thousands of chemicals 278 
extracted from aquatic environments focus on concentrations of separate, individual contaminants. 279 
Yet in nature, organisms are exposed to “cocktails of contaminants”, where a mixture of 280 
organochlorine compounds, for example, consisting of individual chemicals at low, allowable 281 
concentrations, significantly harms aquatic communities (Kortenkamp, 2008; Relyea, 2009; Servan-282 
Schreiber, 2014). Although the synergistic effect of multiple contaminants on fresh water 283 
ecosystems is beginning to receive scrutiny, it has never been examined using the unique and 284 
potentially sensitive communities of Lake Baikal. Therefore, the discharge of an “organochlorine 285 
cocktail” into the littoral zone of Northern Baikal via the failed wastewater treatment plant at 286 
Severobaikal’sk City could be dangerous.  287 
CONCLUSION  288 
Multiple severe changes have occurred recently in the coastal benthos of Lake Baikal and 289 
some changes, such as the mass proliferation of benthic macroalgae and the presence of toxic 290 
cyanobacteria, are strikingly similar to those reported recently in the Laurentian Great Lakes 291 
(Higgins et al., 2008; Steffen et al., 2014). In both the Laurentian Great Lakes and in Lake Baikal, 292 
these changes are, or have the potential to, impair economic activity and endanger human health.  293 
Importantly, the ecological deterioration of the nearshore habitat in Lake Baikal and the Laurentian 294 
Great Lakes is occurring while little change is happening offshore (Shimaraev and Domysheva, 295 
2013; Hecky et al., 2004). This underscores the urgent need for coastal as well as pelagic 296 
monitoring of large lakes.  297 
The drivers of the current changes in Lake Baikal and those in the Laurentian Great Lakes 298 
differ. In the Laurentian Great lakes, current problems in the coastal zone, such as massive blooms 299 
of benthic Cladophora, are the result of invasive dreissenid mussels redirecting nutrients and energy 300 
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from the pelagic to the benthic littoral zone (Hecky et al., 2004; Higgins et al., 2008) and 301 
increasing water clarity via their filtration activity (Malkin et al., 2008). In contrast, changes at Lake 302 
Baikal are not associated with invasive species. Instead, changes at many coastal sites are consistent 303 
with nearshore nutrient enrichment from human sewage (Kravtsova et al., 2014; Timoshkin et al., 304 
2014), a situation reminiscent of the cultural eutrophication that occurred in the Laurentian Great 305 
Lakes from the late 1950’s through the early 1970’s. At that time, excessive inputs of phosphorus 306 
from sewage and P-containing detergents caused large blooms of Cladophora in the benthic coastal 307 
zone, but restrictions on point sources of total phosphorus loading largely eliminated these problems 308 
beginning in the 1970’s and extending through the mid 1990’s which is when the invasive 309 
dreissenid mussels triggered the reappearance of Cladophora blooms (Higgins et al., 2008). Thus, 310 
the mitigation of littoral zone eutrophication in the Laurentian Great Lakes during the 1970’s 311 
through the mid 1990’s suggests significant improvement of the near shore problems at Lake Baikal 312 
may be achieved by implementing wastewater treatment at multiple sites; however, the many 313 
endemic species in this oligotrophic lake’s coastal benthos may have unique sensitivities 314 
necessitating more stringent controls on nutrient loading than in other freshwater ecosystems. 315 
Furthermore, ecological degradation of the nearshore zone at other sites in Lake Baikal may have 316 
different or multiple drivers including lake level fluctuations (Zohary and Ostrovsky, 2011), the 317 
input of toxic industrial contaminants (e.g., that can cause sponge die-offs) (Mamontov et al., 2000), 318 
and, possibly, climate warming (Moore et al., 2009).  319 
Rapid identification of the causes of the severe ecological changes in Lake Baikal and the 320 
adoption of an appropriate coastal monitoring program are imperative to protect and preserve this 321 
great lake’s unique biological wealth, water quality, and economic and cultural values. Study of the 322 
ecological changes in Lake Baikal’s coastal zone is ongoing and will be presented in subsequent 323 
contributions.  324 
 325 
Ethics. Sampling was conducted in accordance with national and provincial guidelines and permits.  326 
 14 
Authors’ contributions. O.A. Timoshkin conceived and designed the study and provided all 327 
photos except for those otherwise indicated. O.A. Timoshkin, V.V. Malnik, M.V. Sakirko, V.M. 328 
Domysheva, A.G. Lukhnev, O.V. Medvezhonkova, A.V. Nepokrytykh, A.E. Poberezhnaya, N.V. 329 
Potapskaya, N.G. Sheveleva, I.V. Tomberg, E.A. Volkova, E.P. Zaytseva, Y.M. Zvereva and A.B. 330 
Kupchinsky collected, treated and sorted phyto-, zoobenthic, microbiological, hydrochemical, etc. 331 
samples, including diving, and identification of organisms. M. Yamamuro provided the 332 
phototechnique and laboratory equipment for underwater investigations and edited the manuscript. 333 
O.I. Belykh, I.V. Tikhonova, G.A. Fedorova and A.V. Kuzmin performed the analysis of 334 
cyanobacteria, extracted and identified the cyanotoxins. D.P. Samsonov, A.I. Kochetkov and E.M. 335 
Pasynkova prepared, treated and analysed the samples for identification of organochlorine 336 
contaminants. A.A. Shirokaya prepared all figures with input from O.A. Timoshkin, N.V. 337 
Potapskaya and A.V. Nepokrytykh. O.A. Timoshkin wrote the article with major contributions from 338 
A.A. Shirokaya, M.V. Moore, V.V. Malnik, M. Yamamuro, E.M. Timoshkina, D.P. Samsonov, A.I. 339 
Kochetkov, E.M. Pasynkova and N.A. Bondarenko. All authors discussed the results and gave final 340 
approval for publication.  341 
Competing interests. We declare we have no competing interests.  342 
Funding. The authors were funded by the State Project of the Siberian Branch of the Russian 343 
Academy of Sciences No. VI.51.1.10 "Current state, biodiversity and ecology of the coastal zone of 344 
Lake Baikal", RFBR project No. 13–04–01270, the Grants-in-Aid for Scientific Research 345 
(KAKENHI) (No. 15H05112).  346 
Acknowledgements. We are grateful to Dr. S. Ihnken (NIOZ Royal Netherlands Institute for Sea 347 
Research, Division Yerseke, the Netherlands) for providing us numerous underwater video and 348 
photos. We also thank Dr. Ted Ozersky (University of Minnesota Duluth, USA) and an anonymous 349 
reviewer for their very valuable and professional comments on a previous draft. Special thanks to 350 
Prof. M.A. Grachev (Limnological Institute SD RAS, Russia) for his initiation and support of the 351 
 15 
circum-Baikal 2013–2015 expeditions and, especially, for his idea and financial support 352 
regarding the cyanobacteria toxins.  353 
 354 
References  355 
Belykh, O.I., Gladkikh, A.S., Sorokovikova, E.G., Tikhonova, I.V., Potapov, S.A., Butina, 356 
T.V., 2015a. Saxitoxin-Producing Cyanobacteria in Lake Baikal. Contemporary Problems 357 
of Ecology 8, 186–192.  358 
Belykh, O.I., Glagkikh, A S., Tikhonova, I.V., Kuz'min, A.V., Mogil'nikova, T.A., Fedorova, 359 
G A., Sorokovikova, E.G., 2015b. Identification of Cyanobacterial Producers of Shellfish 360 
Paralytic Toxins in Lake Baikal and Reservoirs of the Angara River. Microbiology 84, 98–361 
99.  362 
Bondarenko, N.A., Malnik, V.V., Vishnyakov, V.S., Rozhkova, N.A., Sinyukovich, V.N., 363 
Gorshkova, A.S., Timoshkin, O.A., Matveev, A.N., 2015. Current state of biota in the 364 
Selenga River Delta (Lake Baikal basin) under unstable hydrological conditions. Part I. 365 
Microbial community and algae. Hydrobiol. J. 5, 17–28.  366 
Bormotov, A., 2011. What has happened with Baikal sponges? SCIENCE First Hand 5, 20–23. 367 
EPA, 1986. Ambient Aquatic Life Water Quality Criteria for Bacteria, 1986. US EPA, EPA440/5-368 
84-002.  369 
EPA, 2003. Method 1668, Revision A: Chlorinated Biphenyl Congeners in Water, Soil, 370 
Sediment, Biosolids, and Tissue by HRGC/HRMS, August 2003. EPA-821-R-07-004, 1–371 
124.  372 
EPA, 2007. Method 1699: Pesticides in Water, Soil Sediment, Biosolids, and Tissue by 373 
HRGC/HRMS, December 2007. EPA-821-R-08-001, 1–96.  374 
Great Lakes Water Quality Agreement, 2012. Protocol Amending the Agreement Between 375 
Canada and the United States of America on Great Lakes Water Quality, 1978, as Amended 376 
on October 16, 1983, and on November 18, 1987. Signed September 7, 2012. Entered into 377 
 16 
force February 12, 2013. URL: http://www.ec.gc.ca/grandslacs-greatlakes/A1C62826-378 
72BE-40DB-A545-65AD6FCEAE92/1094_Canada-USA%20GLWQA%20_e.pdf  379 
Hecky, R.W., Smith, R.E.H., Barton D.R., Guildford, S.J., Taylor, W.D. Charlton, M.N. 380 
Howell T., 2004. The nearshore phosphorus shunt: a consequence of ecosystem engineering 381 
by dreissenids in the Laurentian Great Lakes. Can. J. Fish. Aquat. Sci. 61, 1285–1293.  382 
Higgins, S.N., Malkin, S.Y., Howell, E.T., Guildford, S.J., Campbell, L., Hiriart-Baer, V., 383 
Hecky, R.E., 2008. An ecological review of Cladophora glomerata (Chlorophyta) in the 384 
Laurentian Great Lakes. J. Phycol. 44, 839–854.  385 
Izhboldina, L.A., 1990. Meio- and Macrophytobenthos of Lake Baikal (algae). Irkutsk State 386 
University Press, Irkutsk.  387 
Izhboldina, L.A., 2007. Guide and Key to Benthic and Periphyton Algae of Lake Baikal (meio- 388 
and macrophytes) with Brief Notes on Their Ecology. Nauka-Centre, Novosibirsk.  389 
Izmest’eva, L.R., Moore, M.V., Hampton, S.E., Ferwerda, C.J., Gray, D.K., Woo, K.H., 390 
Pislegina, H.V., Krashchuk, L.S., Shimaraeva, S.V., Silow, E.A., 2016. Lake-wide 391 
physical and biological trends associated with warming in Lake Baikal. J. Great Lakes Res. 392 
42, …–….  393 
Kleinteich, J., Wood, S.A., Puddick, J., Schleheck, D., Küpper, F.C., Daniel, D., 2013. Potent 394 
toxins in Arctic environments — Presence of saxitoxins and an unusual microcystin variant 395 
in Arctic freshwater ecosystems. Chemico-Biological Interactions 206, 423–431.  396 
Kortenkamp, A., 2008. Breast Cancer and Exposure to Hormonally Active Chemicals: An 397 
Appraisal of the Scientific Evidence. Chemical Health Monitor Alliance, London.  398 
Kostoski, G., Albrecht, C., Trajanovski, S., Wilke, T., 2010. A freshwater biodiversity hotspot 399 
under pressure ― assessing threats and identifying conservation needs for ancient Lake 400 
Ohrid. Biogeosciences 7, 39994015.  401 
Kozhov, M.M., 1963. Baikal and its life. Bookpress, Irkutsk.  402 
 17 
Kravtsova, L.S., Izhboldina, L.A., Khanaev, I.V., Pomazkina, G.V., Domysheva, V.M., 403 
Kravchenko, O.S., Grachev, M.A., 2012. Disturbances of the vertical zoning of green 404 
algae in the coastal part of the Listvennichnyi gulf of Lake Baikal. Doklady Akademii Nauk 405 
447, 227–229.  406 
Kravtsova, L.S., Izhboldina, L.A., Khanaev, I.V., Pomazkina, G.V., Rodionova, E.V., 407 
Domysheva, V.M., Sakirko, M.V., Tomberg, I.V., Kostornova, T.Ya., Kravchenko, 408 
O.S., Kupchinsky, A.B., 2014. Nearshore benthic blooms of filamentous green algae in 409 
Lake Baikal. J. Great Lakes Res. 40, 441–448.  410 
Kulikova, N.N., Suturin, A.N., Saybatalova, Ye.V., Boyko, S.M., Timoshkin, O.A., 411 
Domysheva, V.M., Paradina, L.F., Sakirko, M.V., Tomberg, I.V., Zaytseva, E.P., 412 
Mal’nik, V.V., Lukhnev, A.G., Popova, E.L., Popova, O.V., Potapskaya, N.V., 413 
Vishnyakov, V.S., Volkova, E.A., Zvereva, Yu.M., 2012. Biogeochemistry of the shore 414 
zone of Bolshye Koty bay (Southern Baikal). Bull. Irk. State University 5, 7587.  415 
Lupsor, S., Stanciu, G., Epure, D., Shirila, E., 2009. Heavy Metals and Pesticides Analysis from 416 
Black Sea Algae. In: Simeonov, L.I., Hassanien, M.A. (Eds.), Exposure and Risk 417 
Assessment of Chemical Pollution — Contemporary Methodology. Springer Science and 418 
Business Media B.V., pp. 431–437.  419 
Malkin, S.Y., Guildford, S.J., Hecky, R.E., 2008. Modeling the growth response of Cladophora 420 
in a Laurentian Great Lake to the exotic invader Dreissena and to lake warming. Limnol. 421 
Oceanogr. 53, 1111–1124.  422 
Malmvärn, A., Zebühr, Y., Kautsky, L., Bergman, K., Asplund, L., 2008. Hydroxylated and 423 
methoxylated polybrominated diphenyl ethers and polybrominated dibenzo-p-dioxins in red 424 
alga and cyanobacteria living in the Baltic Sea. Chemosphere 72, 910–916.  425 
Mamontov, A., Mamontova, E.A., Tarasova, E.N., McLachlan, M.S., 2000. Tracing the sources 426 
of PCDD/Fs and PCBs to Lake Baikal. Environ. Sci. Technol. 34, 741–747.  427 
 18 
 Meyer, K.I., 1930. Introduction to algal flora of Lake Baikal. Bull. Moscow Soc. Natural., New 428 
Ser. 39, 179–396.  429 
Ministry of Natural Resources and Ecology of the Russian Federation, 2014. On the state of 430 
Lake Baikal and measures for its protection in 2013: government report. Russian Federal 431 
Geological Foundation, Siberian Branch of «Rosgeolfond», Moscow—Irkutsk, pp. 1–462.  432 
Moore, M.V., Hampton, S.E., Izmest'eva, L.R., Silow, E.A., Peshkova, E.V., Pavlov, B. K., 433 
2009. Climate change and the world's “Sacred Sea” — Lake Baikal, Siberia. BioScience 59, 434 
405–417.  435 
Nakashizuka, T., Stork, N., 2002. Biodiversity research methods: IBOY in Western Pacific and 436 
Asia. Kyoto University Press and Trans Pacific Press, Japan—Australia, pp. 1–216.  437 
Official Journal of the European Union, 2006. DIRECTIVE 2006/7/EC OF THE EUROPEAN 438 
PARLIAMENT AND OF THE COUNCIL of 15 February 2006 concerning the 439 
management of bathing water quality and repealing Directive 76/160/EEC.  440 
Popova, O.V., Timoshkin, O.A., Zaytseva, E.P., Lukhnev, A.G., Zvereva, Yu.M., Kulikova, 441 
N.N., Malnik, V.V., Shirokaya, A.A., 2012. Composition and seasonal dynamics of 442 
meiozoobenthos in the splash zone of Southern Baikal (Bolshye Koty Bay). Bull. Irk. State 443 
University 5, 111–122.  444 
Potapskaya, N.V., Lukhnev, A.G., Obolkina, L.A., 2012. First data on quantitative dynamics of 445 
ciliates from different biotopes of the splash zone of Bolshye Koty Bay (Southern Baikal). 446 
Bull. Irk. State University 5, 103110.  447 
Relyea, R.A., 2009. A cocktail of contaminants: how mixtures of pesticides at low concentrations 448 
affect aquatic communities. Oecologia 159, 363–376.  449 
Rozhkova, N.A., Kulikova, N.N., Nepokrytykh, A.V., Saybatalova, Ye.V., Timoshkin, O.A., 450 
Suturin, A.N., 2012. Distribution peculiarities, quantitative characteristics and elemental 451 
chemical composition of egg masses of endemic Baikal caddisflies (Trichoptera, 452 
Apataniidae). Bull. Irk. State University 5, 136146.  453 
 19 
Semernoy, V.P., 2007. Oligochaeta in Listvenichniy Bay from Lake Baikal. Proc. Kazan’ State 454 
University 149, 259–261.  455 
Servan-Schreiber, D., 2014. Anticancer. A new way of life. RIPOL classic, Moscow.  456 
Sheveleva, N.G., Proviz, V.I., Lukhnev, A.G., Naumova, T.V., Popova, O.V., Poberezhnaya, 457 
A.E., Timoshkin, O.A., 2013. Biology of the coastal zone of Lake Baikal. 4. Taxonomic 458 
diversity of the benthic fauna in the splash zone of Lake Baikal (in the vicinity of Berezovy 459 
Cape–Bol’shye Koty Bay). Bull. Irk. State University 6, 131–142.  460 
Shimaraev, M.N., Domysheva, V.M., 2013. Trends in hydrological and hydrochemical processes 461 
in Lake Baikal under conditions of modern climate change. In: Goldman, C.R. et al. (Eds.), 462 
Climatic Change and Global Warming of Inland Waters. John Wiley & Sons Ltd., 463 
Chichester, pp. 43–66.  464 
Smith, F.M.J., Wood, S.A., van Ginkel, R., Broady, P.A., Gaw, S., 2011. First report of saxitoxin 465 
production by a species of the freshwater benthic cyanobacterium, Scytonema Agardh. 466 
Toxicon 57, 566–573.  467 
Smith, F.M.J., Wood, S.A., Wilks, T., Kelly, D., Broady, P.A., Williamson, W.M., Gaw, S.K., 468 
2012. Survey of Scytonema (Cyanobacteria) and associated saxitoxins in the littoral zone of 469 
recreational lakes in Canterbury, New Zealand. Phycologia 51, 542–551.  470 
SRSR (Sanitary Regulations and Standards of Russia), 2000. SRS, 2.1.5.980–00.  471 
Steffen, M.M., Belisle, B.S., Watson, S.B., Boyer, G.L., Wilhelm, S.W., 2014. Status, causes and 472 
controls of cyanobacterial blooms in Lake Erie. J. Great Lakes Res. 40, 215–225.  473 
The United Nations World Water Development Report 2015: Water for a Sustainable World. 474 
Paris, UNESCO. URL: http://unesdoc.unesco.org/images/0023/002318/231823E.pdf  475 
Timoshkin, O.A., 2001. Lake Baikal: Diversity of fauna, problems of its immiscibility and origin, 476 
ecology and “exotic” communities. In: Timoshkin, O.A. et al. (Eds.), Index of animal 477 
species inhabiting Lake Baikal and its catchment area 1. Nauka, Novosibirsk, pp. 74–113.  478 
 20 
Timoshkin, O.A., 2011. Main tendencies in research of ancient lake biodiversity; most 479 
interesting recent discoveries in biodiversity of Lale Baikal. In: Timoshkin, O.A. et al. 480 
(Eds.), Index of animal species inhabiting Lake Baikal and its catchment area 2. Nauka, 481 
Novosibirsk, pp. 1423–1428.  482 
Timoshkin, O.A., Malnik, V.V., Sakirko, M.V., Boedeker, K., 2014. Environmental crisis at 483 
Lake Baikal: scientists diagnose. Science First Hand 5, 75–91.  484 
Timoshkin, O.A., Bondarenko, N.A., Volkova, E.A., Tomberg, I.V., Vishnyakov, V.S., Malnik, 485 
V.V., 2015. Mass Development of Green Filamentous Algae of the Genera Spirogyra and 486 
Stigeoclonium (Chlorophyta) in the Littoral Zone of the Southern Part of Lake Baikal. 487 
Hydrobiol. J. 51, 13–23.  488 
Timoshkin, O.A., Coulter, G., Wada, E., Suturin, A.N., Yuma, M., Bondarenko, N.A., Melnik, 489 
N.G., Kravtsova, L.S., Obolkina, L.A., Karabanov, E.B., 2005. Is the concept of a 490 
universal monitoring system realistic? Landscape-ecological investigations on Lake Baikal 491 
(East Siberia) as a possible model. Internat. Verein. Limnol. 29, 315–320.  492 
Timoshkin, O.A., Vishnyakov, V.S., Volkova, E.A., Shirokaya, A.A., Kulikova, N.N., 493 
Zaytseva, E.P., Lukhnev, A.G., Popova, O.V., Tomberg, I.V., Potapskaya, N.V., 494 
Zvereva, Yu.M., Malnik, V.V., Bondarenko, N.A., Rozhkova, N.A., Obolkina, L.A., 495 
Sheveleva, N.G., Kostornova, T.Ya., Suturin, A.N., Nepokrytykh, A.V., Logacheva, 496 
N.F., 2012a. Biology of the coastal zone of Lake Baikal. 2. Accumulated material on the 497 
lake shore (splash zone): classification, seasonal dynamics. Bull. Irk. State University 5, 40–498 
91.  499 
Timoshkin, O.A., Tomberg, I.V., Kulikova, N.N., Popova, O.V., Malnik, V.V., Kostornova, 500 
T.Ya., Lukhnev, A.G., Zaytseva, E.P., Shirokaya, A.A., Potapskaya, N.V., Zvereva, 501 
Yu.M., Bondarenko, N.A., Rozhkova, N.A., Obolkina, L.A., Sheveleva, N.G., Suturin, 502 
A.N., Saybatalova, Ye. V., Nepokrytykh, A.V., Vishnyakov, V.S., Volkova, E.A., 503 
Logacheva, N.F., 2012b. Biology of the coastal zone of Lake Baikal. 3. Seasonal dynamics 504 
 21 
of the infauna of the onshore accumulated material, hydrochemical and microbiological 505 
analyses of interstitial water in the splash zone. Bull. Irk. State University 5, 92–110.  506 
Timoshkin, O.A., Suturin, A.N., Bondarenko, N.A., Kulikova, N.N., Rozhkova, N.A., 507 
Sheveleva, N.G., Obolkina, L.A., Domysheva, V.M., Zaytseva, E.P., Malnik, V.V., 508 
Maximova, N.V., Tomberg, I.V., Nepokrytykh, A.V., Shirokaya, A.A., Lukhnev, A.G., 509 
Popova, O.V., Potapskaya, N.V., Vishnyakov, V.S., Volkova, E.A., Zvereva, Yu.M., 510 
Logacheva, N.F., Sakirko, M.V., Kostornova, T.Ya., 2012c. Introduction into biology of 511 
the coastal zone of Lake Baikal. 1. Splash zone: first results of interdisciplinary 512 
investigations and its role for the lake ecosystem monitoring. Bull. Irk. State University 5, 513 
33–46.  514 
Timoshkin, O.A., Suturin, A.N., Wada, E., Coulter, G., Boyko, S.M., Bondarenko, N.A., 515 
Evstigneeva, T.D., Zaytseva, E.P., Ivanov, V.G., Kravtsova, L.S., Kulikova, N.N., 516 
Logacheva, N.Ph., Malnik, V.V., Melnik, N.G., Miyasaka, H., Nepokrytykh, A.V., 517 
Obolkina, L.A., Paradina, L.Ph., Penzina, M.M., Potemkina, T.G., Proviz, V.I., 518 
Rozhkova, N.A., Semiturkina, N.A., Sheveleva, N.G., Sherstyankin, P.P., Shirokaya, 519 
A.A., Khanaev, I.V., 2009. Is it possible to elaborate a universal scheme of ecosystem 520 
monitoring? Landscape-ecological research on Lake Baikal as a possible positive answer. 521 
In: Timoshkin, O.A. et al. (Eds.), Index of animal species inhabiting Lake Baikal and its 522 
catchment area 2. Nauka, Novosibirsk, pp. 708–727.  523 
Timoshkin, O.A., Sitnikova, T.Ya., Rusinek, O.T., Pronin, N.M., Proviz, V.I. et al., 2004. Index 524 
of animal species inhabiting Lake Baikal and its catchment area 1. Nauka, Novosibirsk.  525 
Tomberg, I.V., Sakirko, M.V., Domysheva, V.M., Sez’ko, N.P., Lopatina, I.P., Bashenkhaeva, 526 
N.V.,  Filevich, E.A., Kulikova, N.N., Popova, O.V., Malnik, V.V., Lukhnev, A.G., 527 
Zaytseva, E.P., Potapskaya, N.V., Zvereva, Yu.M., Timoshkin, O.A., 2012. First data on 528 
the chemical composition of interstitial waters in the splash zone of Lake Baikal. Bull. Irk. 529 
State University 5, 64–74.  530 
 22 
Vadeboncoeur, Y., McIntyre, P.B., Vander Zanden, J., 2011. Borders of Biodiversity: Life at 531 
the Edge of the World’s Large Lakes. BioScience 61, 526–537.  532 
Vereshagin, G.Yu., 1940. The origin and history of Baikal, its flora and fauna. Proc. Baikal 533 
Limnol. Station 10, 73–239.  534 
Vishnyakov, V.S., Timoshkin, O.A., Izhboldina, L.A., Volkova, E.A., Zaytseva, E.P., 2012. A 535 
taxonomic list of macroalgae in the near-shore zone of Bol’shye Koty and Listvenichny 536 
Bays (Southern Baikal). Bull. Irk. State University 5, 147159.  537 
Volkova, E.A., Tomberg, I.V., Popova, O.V., Zvereva, Yu.M., Lukhnev, A.G., Zaytseva, E.P., 538 
Sakirko, M.V., Timoshkin, O.A., 2012. Influence of the green algae Ulothrix zonatа (Web. 539 
et Mohr.) Kuetz. on diurnal and seasonal hydro-chemical variations in the near-shore waters 540 
of Lake Baikal. Bull. Irk. State University 5, 160166.  541 
von Rintelen, T., von Rintelen, K., Glaubrecht, M., Schubart, C.D., Herder, F., 2012. Aquatic 542 
biodiversity hotspots in Wallacea: the species flocks in the ancient lakes of Sulawesi, 543 
Indonesia. In: Gower, D.J. et al. (Eds.), Biotic evolution and environmental change in 544 
Southeast Asia. Cambridge University Press, Cambridge, pp. 290315.  545 
Yin, Q., Carmichael, W.W., Evans, W.R., 1997. Factors influencing growth and toxin production 546 
by cultures of the freshwater cyanobacterium Lyngbya wollei Farlow ex Gomont. J. Appl. 547 
Phycol. 9, 55–63.  548 
Zohary, T., Ostrovsky, I., 2011. Ecological impacts of excessive water level fluctuations in 549 
stratified freshwater lakes. Inland Waters 1, 47–59.  550 
Zvereva, Yu.M., Timoshkin, O.A., Zaytseva, E.P., Popova, O.V., Lukhnev, A.G., Tomberg, 551 
I.V., Kulikova, N.N., Vishnyakov, V.S., 2012. Ecological characteristics of 552 
Mesenchytraeus bungei (Annelida, Oligochaeta) ― dominant oligochaete species from the 553 
splash zone of Lake Baikal. Bull. Irk. State University 5, 123135.  554 
 555 
Figure captions.  556 
 23 
Figure 1. The abundance and spatial distribution of Spirogyra spp. in late summer–autumn, 557 
2013–2015, and the abundance of algae and higher aquatic plants washed up onshore (pie charts) 558 
during the autumn seasons of 2013 and 2014 at Lake Baikal. Sampling sites: 1 — Kultuk 559 
Settlement, 2 — old Baikalian railway, 3 — Polovinnyi Cape, 4 — Listvyanka Settlement, 5 — 560 
Obuteikha Bay, 6 — Emelyanikha Bay, 7 — Bol’shie Koty Bay, 8 — Sennaya Bay, 9 — Bol’shoe 561 
Goloustnoe Settlement, 10 — Peschanaya Bay, 11 — Babushka Bay, 12 — Tutaiski Bay, 13 — 562 
Sakhyurte Settlement, 14 — Perevoznaya Bay, 15 — Shide Bay, 16 — Khuzhir Settlement, 17 — 563 
Kargante Bay, 18 — Ludar’ Cape, 19 — Boguchanskaya Bay, 20 — Onokachanskaya Bay, 21 — 564 
Senogda Bay, 22 — Zarechnoe Settlement, 23 — Tyya River mouth, 24 — Nizhneangarsk City, 25 565 
— Ayaya Bay, 26 — Amnundakan Cape, 27 — Davshe Bay, 28 — Maximikha Settlement, 29 — 566 
sport camp “Rovesnik”, 30 — Gorevoi Utyos Cape, 31 — Babushkin City, 32 — Tankhoi 567 
Settlement, 33 — Baikal’sk City, 34 — Slyudyanka Settlement. Abundance of Spirogyra spp. under 568 
water at depth of 0.5–1.5 m: black circle — > 80–90% coverage of rocky substrate; white circle —  569 
small patches (3–10 cm dia.) on rocky substrate; black square — free-floating Spirogyra mats (1–30 570 
m in length and 0.1–5.0 m in width, < 50% coverage of substrate) on sand; white square — small 571 
patches (3–10 cm dia.) on sandy bottom; diagonally hatched square — free-floating Spirogyra 572 
clouds (10–30 cm dia., < 50% coverage of substrate) among higher aquatic plants on sandy and/or 573 
silty bottoms. The solid black line represents coastal areas where sporadic Spirogyra (illustrated in 574 
Fig. 3) was detected under water. Pie charts describe the taxonomic composition and quantity of 575 
rotting algae and higher aquatic plants detected onshore.  576 
Figure 2A–E. Mass development of Spirogyra (> 80–90% coverage of rocky substrate) in the 577 
coastal area of Lake Baikal in late September, 2014, at 0.5–1.5 m water depth. A–B. Bol’shoe 578 
Goloustnoe Settlement (Fig. 1: site 9). C–E. Near the Tyya River mouth (Fig. 1: site 23).  579 
Figure 3A–F. Sporadic occurrence of Spirogyra in the coastal area of Lake Baikal. A–B. Free-580 
floating clouds of Spirogyra (10–30 cm dia., < 50% coverage of substrate) among higher aquatic 581 
plants on sand. Tutaiski Bay (Fig. 1: site 12), August 15, 2013, 1.5–2 m water depth (frame side 582 
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length = 33.3 cm, SA = 0.1 m
2
). C–D. Free-floating mats of Spirogyra (1–30 m in length and 583 
0.1–5 m in width, < 50% coverage of substrate) on sand. Near Zarechnoe Settlement (Fig. 1: site 584 
22), June 2015, at 0.5–1.5 m water depth. E–F. Small patches (3–10 cm dia.) on sandy (E) and 585 
rocky (F) bottom. Bol’shie Koty Bay (Fig. 1: site 7), late August–early September 2015, 0.5–1.5 m 586 
water depth.  587 
Figure 4A–F. Before and after the mass development of benthic cyanobacteria on stones in the 588 
shoreline zone of Lake Baikal (upper part of first algal zone), south basin (Bol’shie Koty 589 
Bay). A. Typical shoreline rocks covered with Ulothrix zonata and no cyanobacteria on July 20, 590 
2010 before ecological change in the coastal zone began. B. Shoreline boulder showing the 591 
cyanobacteria, Tolypothrix spp. (reddish-brown flocks), and Ulothrix zonata (bright green 592 
filaments) on August 30, 2015 after ecological change started. C–D. Underwater (ca. 20 cm depth) 593 
(C) and  above-water (D) images of Tolypothrix spp. flocks. E–F. Light microscope images 594 
of Tolypothrix (cf.) distorta filaments, the dominant cyanobacteria in the flocks. Scale bars: B — 3 595 
cm, E — 360 μm, F — 60 μm. Photographs B–F were all taken on August 30, 2015.  596 
Figure 5A–B. Large coastal accumulations of rotting aquatic plants. А. October 16, 2013, north 597 
basin (Senogda Bay). B. September 15, 2014, middle basin (Barguzin Bay: sport camp “Rovesnik”, 598 
west of Maximikha Settlement).  599 
Figure 6A–B. Gastropod “cemeteries” along the western shore of North Baikal (Senogda Bay, May 600 
29, 2014).  601 
Figure 7A–B. A. Main stages of the illness and destruction of the dominant endemic 602 
species Lubomirskia baicalensis (Porifera) and an example of the mass proliferation of 603 
benthic Tolypothrix spp. (reddish-brown carpets on the rocks) and epizoic Phormidium spp. (dark-604 
brown patches on the sponge branches) in the shallow water zone of South Baikal. September 28, 605 
2014; Bol’shie Koty Bay, opposite the field station of the Limnological Institute SD RAS, 5.1 m 606 
depth (photo by S. Ihnken). From right to left: 1 — externally healthy branches with initial stages of 607 
the surface destruction, often concentrated near oscula; 2 — mass development of Phormidium 608 
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cyanobacteria on sick sponges (ring-shaped flock); 3 — branches with completely dead areas 609 
with numerous Hydra spp. polyps attached. B. Healthy specimens of L. baicalensis from the same 610 
place and depth. June 6, 2006 (photo from the scientific archive of O.A. Timoshkin).  611 
Figure 8A–C. A. Encrusting sponge Baicalospongia sp. with oscula and other areas covered by 612 
epizoic Phormidium. September 2014, Northern Baikal (photo by S. Ihnken). B. A sick branch 613 
of Lubomirskia baicalensis with the same foulings. C. Phormidium sp. filaments from the ring-614 
shaped flock on L. baicalensis branch (light microscope image). September 30, 2014; south basin 615 
(Sharyzhalgai Cape, 10–11 m water depth) (photo by O.A. Timoshkin). Scale bars: B — 1 cm, C — 616 
20.8 μm.  617 
Figure 9. Counts of fecal indicator bacteria in the coastal zone of Lake Baikal in September, 2014 618 
at three sites taken as an example (1 — Listvyanka Settlement, 2 — Khuzhir Settlement, 3 — 619 
Khakusy Bay). Pie diagrams depict counts (CFU 100 ml
-1
) of colony forming units of bacteria in 620 
the interstitial (A), surface (B) and near-bottom (C) water layers (from left to right, respectively) at 621 
each sampling site. TCB — thermotolerant coliform bacteria.  622 
 623 
ESM video legends, Timoshkin et al.  624 
ESM video 1 (by O.A. Timoshkin). September 2014. Accumulations of rotting algae (97% 625 
Spirogyra spp.) along the coastline of Northern Lake Baikal, ca. 2 km west of Tyya River mouth. 626 
Severobaikal’sk sewage pipe discharges poorly purified waters about 1.5 km upstream from the 627 
river mouth (Fig. 1: site 23).  628 
ESM video 2 (by A.B. Kupchinsky). June 28, 2015, standard video transect of sponges off 629 
Chernaya River mouth (Fig. 1: site 7). Notice the abundance of damaged and sick Lubomirskia 630 
baicalensis and Baicalospongia spp. (branched and encrusting sponge forms, respectively). Water 631 
depth is 15.8 m at the beginning of the videorecording and 3.1 m at the end. Numbers on watch face 632 
of diver’s hand: center — safe diving time remaining, minutes; upper left — present depth, m; 633 
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upper right — maximum diving depth, m; lower left — water temperature, °C; lower right — 634 
dive duration, minutes.  635 
ESM video 3 (by O.A. Timoshkin). Light microscopy video of Phormidium (cyanobacteria) 636 
filaments which have colonized damaged sponge tissue. Phormidium has colonized sick or injured 637 
sponges, of both branched and encrusting species, throughout Lake Baikal. Scale bar dimensions 638 
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Table 1. Under normal conditions, Lake Baikal exhibits a well-defined zonation of benthic algae. 660 
Each of the five zones or belts is usually dominated by 1–2 species, including endemics (Meyer, 661 
1930; Izhboldina, 1990), and zones are most clearly defined during spring through autumn. Zones 662 
presented below begin with the zone closest to the water’s edge and end with the deepest zone. The 663 
upper border of zone 1, occupied by the filamentous Ulothrix zonata, depends on water level 664 
fluctuations and is sharply defined by them during the open water season.  665 
Zone Depth (m) Dominant benthic algal 
species 
1  0–1.5  Ulothrix zonata (Web. et 
Mohr.) Kuetz. (green algae)  
 
2  1.5–2.5 Tetraspora cylindrica var. 
bullosa C. Meyer (green 
algae) and Didymosphenia 
geminata (Lyngb.) M. 
Schmidt (diatoms)  
 
3  2.5–20 Draparnaldioides C. Meyer 
et Skabitsch. (green 
endemic algae)  
 
4–5  20–70 Cladophora Kuetz. (green 
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